Quantum-mechanical systems have information processing capabilities 1,2 that are not possible with classical devices. One example is quantum teleportation 3 , in which the quantum state of a system is transported from one location to another without moving through the intervening space. But although partial implementations 4, 5 of quantum teleportation over macroscopic distances have been achieved using optical systems, the ®nal stage of the teleportation procedureÐwhich allows the complete recovery of the original stateÐwas omitted. Here we report an experimental implementation of full quantum teleportation over interatomic distances using liquid-state nuclear magnetic resonance. We achieve teleportation of the quantum state of a carbon nucleus to a hydrogen nucleus in molecules of trichloroethylene, by exploiting natural phase decoherence of the carbon nuclei. Such a teleportation scheme may be used as a subroutine in larger quantum computations, or for quantum communication.
In classical physics, an object can be teleported, in principle, by performing a measurement to characterize completely the properties of the object. That information can then be sent to another location, and the object reconstructed. Does this provide a complete reconstruction of the original object? No: all physical systems are ultimately quantum mechanical, and quantum mechanics tells us that it is impossible to determine completely the state of an unknown quantum system, making it impossible to use the classical measurement procedure to move a quantum system from one location to another.
Bennett et al. 3 have suggested a procedure for teleporting quantum states. Quantum teleportation may be described abstractly in terms of two parties, Alice and Bob. Alice has in her possession an unknown state jªi aj0i bj1i of a single quantum bit (qubit)Ð a two-level quantum system. The goal of teleportation is to trans-port the state of that qubit to Bob. In addition, Alice and Bob each possess one qubit of a two-qubit entangled state;
where subscripts A are used to denote Alice's systems, and subscripts B to denote Bob's systems. Here and throughout we omit overall normalization factors from our equations. This state can be rewritten in the Bell basis (j00i 6 j11i, j01i 6 j10i) for the ®rst two qubits and a conditional unitary transformation of the state jªi for the last one, that is; j00i j11ijªi j00i 2 j11ij z jªi j01i j10ij x jªi j01i 2 j10i 2 ij y jªi 2 where j x , j y , j z are the Pauli sigma operators 6 , in the j0i, j1i basis. A measurement is performed on Alice's qubits in the Bell basis. Conditional on these measurement outcomes it may be veri®ed from equation (2) that Bob's respective states are: jªi; j z jªi; j x jªi; 2 ij y jªi 3
Alice sends the outcome of her measurement to Bob, who can then recover the original state jªi by applying the appropriate unitary transformation I, j z , j x or ij y , conditional on Alice's measurement outcome. We note that the quantum state transmission has not been accomplished faster than light because Bob must wait for Alice's measurement result to arrive before he can recover the quantum state.
Recent demonstrations of quantum teleportation 4,5 omitted the ®nal stage of teleportation, the unitary operators applied by Bob conditional on the result of Alice's measurement. This prevents complete recovery of the original state. Instead, the earlier experiments relied on classical post-processing of the data after completion of the experiment to check that the results were consistent with what one would expect if the conditional operations had, in fact, been performed. Our experiment implements the full teleportation operation. The most important implication of the inclusion of this extra stage is that our teleportation procedure can, in principle, be used as a subroutine in the performance of other quantum information processing tasks. Teleportation as a subroutine is important in potential applications to quantum computation and communication 7, 8 , although in our experimental system, moving Alice's qubit to Bob may be accomplished more ef®ciently by techniques other than teleportation.
Our implementation of teleportation is performed using liquidstate nuclear magnetic resonance (NMR), applied to an ensemble of molecules of labelled trichloroethylene (TCE). The structure of the TCE molecule may be depicted as:
To perform teleportation we make use of the hydrogen nucleus (H), and the two 13 C nuclei (C1 and C2), teleporting the state of C2 to H. Figure 1a illustrates the teleportation process we used. The circuit has three inputs, which we will refer to as the data (C2), ancilla (C1) and target (H) qubits. The goal of the circuit is to teleport the state of the data qubit so that it ends up on the target qubit. We are therefore only teleporting the qubit a few a Êngstroms, making this a demonstration of the method of teleportation, rather than a practical means for transmitting qubits over long distances. State preparation is done in our experiment using the gradientpulse techniques described by Cory et al. 9 , and phase cycling 10, 11 . The unitary operations performed during teleportation may be implemented in a straightforward manner in NMR, using non-selective radio frequency (r.f.) pulses tuned to the Larmor frequencies of the nuclear spins, and delays allowing entanglement to form through the interaction of neighbouring nuclei 9, 12 . Other demonstrations of quantum information processing with three qubits using NMR are described in refs 13±15, and with two qubits in refs 16±19.
An innovation in our experiment was the method used to implement the Bell basis measurement. In NMR, the measurement step allows us to measure the expectation values of j x and j y for each spin, averaged over the ensemble of molecules, rather than performing a projective measurement in some basis. For this reason, we must modify the projective measurement step in the standard description of teleportation, while preserving the teleportation effect.
We use a procedure inspired by Brassard et al. 20 , who suggest a two-part procedure for performing the Bell basis measurement. Part one of the procedure is to rotate from the Bell basis into the computational basis, j00i, j01i, j10i, j11i. We implement this step in NMR by using the natural spin±spin coupling between the carbon nuclei, and r.f. pulses. Part two of the procedure is to perform a projective measurement in the computational basis. As Brassard et al. point out, the effect of this two-part procedure is equivalent to performing the Bell basis measurement, and leaving the data and ancilla qubits in one of the four states, j00i, j01i, j10i, j11i, corresponding to the different measurement results.
We cannot directly implement the second step in NMR. Instead, we exploit the natural phase decoherence occurring on the carbon nuclei to achieve the same effect. We note that phase decoherence completely randomizes the phase information in these nuclei and thus will destroy coherence between the elements of the above basis. Its effect on the state of the carbon nuclei is to diagonalize the state in the computational basis. In terms of the density matrix r for the carbon nuclei this process may be expressed as:
As emphasized by Zurek 21 , the decoherence process is indistinguishable from a measurement in the computational basis for the carbons accomplished by the environment. We do not observe the result of this measurement explicitly, but the state of nuclei selected by the decoherence process contains the measurement result, and therefore we can do the ®nal transformation conditional on the particular state the environment has selected. As in the scheme of Brassard et al., the ®nal state of the carbon nuclei is one of the four states, j00i, j01i, j10i, j11i, corresponding to the four possible results of the measurement.
Our experiment exploits the natural decoherence properties of the TCE molecule. The phase decoherence times (T 2 ) for C1 and C2 are approximately 0.4 s and 0.3 s. All other T 2 and T 1 times for all three nuclei are much longer, with a T 2 time for the hydrogen of ,3 s, and relaxation times (T 1 ) of approximately 20±30 s for the carbons, and 5 s for the hydrogen.
Thus, for delays of the order of 1 s, we can approximate the total evolution by exact phase decoherence on the carbon nuclei. The total scheme therefore implements a measurement in the Bell basis, with the result of the measurement stored as classical data on the carbon nuclei following the measurement. We can thus teleport the state from the carbon to the hydrogen and verify that the ®nal state decays at the hydrogen rate and not the carbon rate.
Re-examining Fig. 1a we see how remarkable teleportation is from this point of view. During the stage labelled``measure in the Bell basis'' in Fig. 1a , we allow the C1 and C2 nuclei to decohere and thus be measured by the environment, destroying all phase information on the data and ancilla qubits. Experimentally, a standard NMR technique known as refocusing employs r.f. pulses to ensure that the data qubit effectively does not interact with the target qubit. Classical intuition therefore tells us that the phase information about the input state, jªi, has been lost forever. Nevertheless, quantum mechanics predicts that we are still able letters to nature 54 NATURE | VOL 396 | 5 NOVEMBER 1998 | www.nature.com to recover the complete system after this decoherence step, by quantum teleportation.
We implemented this scheme in TCE using a Bruker DRX-500 NMR spectrometer. Experimentally, we determined the Larmor and coupling frequencies for the hydrogen, C1 and C2 to be: The coupling frequencies between H and C2, as well as the chlorines to H, C1 and C2, are much lower, of the order of 10 Hz for the former, and less than 1 Hz for the latter. Experimentally, these couplings are suppressed by multiple refocusings, and will be ignored in the sequel. We note that C1 and C2 have slightly different frequencies, due to the different chemical environments of the two atoms. We performed two separate sets of experiments. In one set, the full teleportation process was executed, making use of a variety of decoherence delays in place of the measurement. The readout was performed on the hydrogen nucleus, and a ®gure of meritÐthe entanglement ®delityÐwas calculated for the teleportation process. The entanglement ®delity is a quantity in the range 0±1 which measures the combined strength of all noise processes occurring during the process 22,23 . (In the notation of ref. 22 , we calculate F e (I/2,«), where « is the teleportation operation.) In particular, an entanglement ®delity of 1 indicates perfect teleportation, while an entanglement ®delity of 0.25 indicates total randomization of the state. Perfect`classical transmission' corresponds to an entanglement ®delity of 0.5 (refs 22, 23) , so entanglement ®delities greater than 0.5 indicate that teleportation of some quantum information is taking place.
The second set of experiments was a control set ( Fig. 1b ). In these experiments, only the state preparation and initial entanglement of H and C1 were performed, followed by a delay for decoherence on C1 and C2. The readout was performed in this instance on C2, and the entanglement ®delity was calculated for the process.
The results of our experiment are shown in Fig. 2 , where the entanglement ®delity is plotted against the decoherence delay. Errors in our experiment arise from the strong coupling effect, imperfect calibration of r.f. pulses, and r.f. ®eld inhomogeneities.
The estimated uncertainties in the entanglement ®delities are less than 60.05, and are due primarily to r.f. ®eld inhomogeneity and imperfect calibration of r.f. pulses.
To determine the entanglement ®delities for the teleportation and control experiments, we performed`quantum process tomography' (refs 24, 25) , a procedure for obtaining a complete description of the dynamics of a quantum system, as follows: the linearity of quantum mechanics implies that the single-qubit input and output for the teleportation process are related by a linear quantum operation 26 . By preparing a complete set of four linearly independent initial states, and measuring the corresponding states output from the experiment, we may completely characterize the quantum process, enabling us to calculate the entanglement ®delity for the process 25 .
We note three elements in Fig. 2 . First, for small decoherence delays, the entanglement ®delity for the teleportation experiments signi®cantly exceeds the value of 0.5 for perfect classical transmission of data, indicating successful teleportation of quantum information from C2 to H, with reasonable ®delity. Second, the entanglement ®delity decays very quickly for the control experiments as the delay is increased. Theoretically, we expect this to be the case, due to a T 2 time for C2 of ,0.3 s. Third, the decay of the entanglement ®delity for the teleportation experiments occurs much more slowly. Theoretically, we expect this decay to be due mainly to the effect of phase decoherence and relaxation on the hydrogen. Our experimental observations are consistent with this prediction, and provide more support for the claim that quantum data are being teleported in these experiments. Note added in proof : Since completing this work we have become aware of related work by Furusawa et al. 27 .
M Figure 1 Schematic circuits for the quantum teleportation experiment (a) and the control experiment (b). The teleportation circuit is based on that suggested by Brassard et al. 20 We note that the control circuit omits two elements of the teleportation experimentÐrotation from the Bell basis into the computational basis, immediately before the decoherence step, and the con- The atomic structure of quasicrystals 1 Ðsolids with long-range order, but non-periodic atomic lattice structureÐis often described as the three-dimensional generalization of the planar two-tile Penrose pattern 2 . Recently, an alternative model has been proposed 3±5 that describes such structures in terms of a single repeating unit 3±5 Ðthe three-dimensional generalization of a pattern composed of identical decagons. This model is similar in concept to the unit-cell description of periodic crystals, with the decagon playing the role of a`quasi-unit cell' . But, unlike the unit cells in periodic crystals, these quasi-unit cells overlap their neighbours, in the sense that they share atoms. Nevertheless, the basic concept of unit cells in both periodic crystals and quasicrystals is essentially the same: solving the entire atomic structure of the solid reduces to determining the distribution of atoms in the unit cell. Here we report experimental evidence for the quasiunit-cell model by solving the structure of the decagonal quasicrystal Al 72 Ni 20 Co 8 . The resulting structure is consistent with images obtained by electron and X-ray diffraction, and agrees with the measured stoichiometry, density and symmetry of the compound. The quasi-unit-cell model provides a signi®cantly better ®t to these results than all previous alternative models, including Penrose tiling.
The fact that the entire structure reduces to a single repeating unit means that quasicrystals have a simplicity more like that of crystals than previously recognized. The quasi-unit-cell picture also suggests reasons why quasicrystals may form instead of crystals under some conditions. For the two-dimensional analogue, a pattern composed of overlapping decagonal quasi-unit cells, Gummelt 3 and Steinhardt and Jeong 4, 5 have proved that the quasicrystal pattern is uniquely forced if decagons only overlay according to the rules shown in Fig. 1a . Steinhardt and Jeong 4,5 have further proved that the quasi-unit-cell structure can arise simply by maximizing the density of a chosen cluster of atoms. If one imagines that the atomic cluster is energetically preferred, then the quasicrystal could be the ground-state con®guration as minimizing the free energy maximizes the cluster density. Establishing the correspondence between quasi-unit cells and real atomic structures opens the door to theoretical and empirical tests of these notions.
The quasi-unit-cell and Penrose-tile pictures are examples of realspace descriptions of quasicrystals in which the structure is de®ned by decorating each quasi-unit cell or each type of tile identically. Some Penrose-tile models are based on the two-tile rhombus or kite-and-dart sets; others are based on the six-tile pentagonal set. In the hyperspace description, the quasicrystal is viewed as a projection from a higher-dimensional periodic, hypercubic lattice and the atomic decoration is de®ned in terms of atomic surfaces in the higher-dimensional space (®ve or six dimensions) which project into point atoms in three dimensions 6 . The surfaces may be continuous, discontinuous, or even fractal. Depending on the surfaces, the surfaces may produce a structure equivalent to decorating all tiles (or quasi-unit cells) identically or to decorating tiles differently depending on their local environment. Although the descriptions are mathematically related, the quasi-unit-cell picture is simpler in practice: it is much easier to solve for the structure by considering atomic rearrangements within a single quasi-unit cell in real, three-dimensional space than by considering simultaneously decorations or two or more tiles or by imagining surfaces in ®ve or six dimensions.
To test the quasi-unit-cell hypothesis, we consider Al 72 Ni 20 Co 8 , one of the best-characterized quasicrystal materials. Al 72 No 20 Co 8 is an example of a decagonal phase; that is, a structure consisting of a periodic stack of ten-fold symmetric quasiperiodically ordered layers. Viewed along the periodic axis, the solid has the same symmetry as a Penrose tiling or an overlapping decagon structure. Hence it can be modelled as a columnar stacking of prisms with the shapes of Penrose tiles or decagons. Although quasicrystalline Al± Ni±Co has been studied for nearly a decade, deciphering its structure has been challenging for materials science reasons. The quasicrystal phase was originally found in a wide compositional range 7 . High-resolution transmission electron microscopy revealed decagonal cluster columns roughly 2 nm across 8 . Models of the structure based on two Penrose rhombus tiles, the Penrose six-tile pentagonal set 9,10 and random packing of decagons were proposed on the basis of this early data 11 . In random packing, there are no rules which force the decagons into a unique structure, so in®nitely many distinct con®gurations are possible. (Similar random cluster packing models have been developed for other quasicrystalline materials with decagonal and icosahedral symmetry 12±14 .) Although the random cluster packing models and the quasi-unit-cell picture discussed here share the idea of building the atomic structure from a repeating unit, they differ in three important ways: ®rst, the random decagon clusters do not cover the entire structure; second, the random decagon clusters are imperfectly ordered and their arrangement is not unique; and third (in most cases), the random decagon clusters contain an atomic con®guration that is ®ve-or ten-fold symmetric.
But it has recently become apparent that, over most of the compositional and temperature range, one obtains an inhomogeneous mixture of structures 15±17 . The ideal, high-perfection phase
